An exaggerated SBP response to exercise has been associated with increased left ventricular (LV) mass in some but not all studies. A total of 43 women and 34 men, aged 55-75 years, without evidence of cardiovascular disease, with a mean resting BP of 142 7 9/ 77 7 8 mmHg had their BP measured at rest and during maximal treadmill exercise. LV mass was measured using magnetic resonance imaging. LV mass was adjusted for lean body mass, which was assessed by dual energy X-ray absorptiometry. LV mass was within the normal range for the majority of the subjects. Among the resting and exercise BP indices, maximal SBP was the strongest correlate of LV mass (r ¼ 0.41, Po0.05). In multivariate analysis, maximal SBP was independently associated with LV mass after adjustment for lean body mass and gender, explaining 3% of the variance (Po0.05). Maximal exercise SBP is a modest but still independent predictor of LV mass in older persons with normal LV mass. These results raise the possibility that the SBP response to maximal exercise is an early marker of LV hypertrophy.
Introduction
Increased left ventricular (LV) mass is an important prognostic factor for cardiovascular mortality and morbidity in subjects with and without hypertension. [1] [2] [3] In previous studies, multivariate models that included variables such as BP, anthropometric measures, and demographic factors could explain no more than 50% of the variance in LV mass and casual BP accounted for only a small portion of the variance in LV mass. 4 An exaggerated BP response to exercise is a known marker for future hypertension [5] [6] [7] [8] and increased mortality. [9] [10] [11] Since BP during exercise reflects cardiac load during a period of high demand for cardiac output, it may be a more sensitive predictor of LV mass than resting BP. Several studies have addressed the importance of BP responses to exercise in relation to LV mass. While some studies have suggested that exercise BP is a good predictor of increased LV mass, 12, 13 other studies reported a lack of an independent relation [14] [15] [16] [17] or a marginal association 18 between exercise BP and LV mass. However, previous reports rarely considered other parameters that may also explain the relation between the exercise BP and LV mass. For example, lean body mass, gender, and aerobic fitness are related to LV mass and exercise BP responses.
While previous studies have included persons with more severe forms of hypertension and increased LV mass, less is known about the relation between LV mass and exercise BP response in subjects within a normal range of LV mass. In this study, we tested the hypothesis that higher exercise BP is associated with increased LV mass in older persons with milder forms of hypertension having LV mass within normal range.
Methods

Study population
Subjects were recruited for a trial of exercise training in persons with milder forms of hypertension. The present data are derived from baseline measurements before intervention. We recruited men and women aged 55-75 years with untreated high normal BP or mild hypertension. These categories were based on the 1997 Joint National Committee of Detection, Evaluation, and Treatment of High BP, 19 which classified SBP of 130-139 mmHg and/or DBP of 85-89 mmHg as high normal and SBP of 140-159 mmHg and/or DBP of 90-99 mmHg as mild hypertension.
The key exclusion criteria were: (1) medical therapy to treat hypertension, (2) clinical cardiovascular diseases, including coronary heart disease, peripheral artery disease, and congestive heart failure; (3) EGG abnormalities such as abnormal Q waves in two or more adjacent leads or heart block; (4) diabetes mellitus, nephrotic syndrome, and hepatic disease; (5) alcohol use 42 oz per day; (6) cigarette smoking in the previous 6 months; (7) regular exercise as defined by the Centers for Disease Control and Prevention and American College of Sports Medicine 20 as moderate exercise of 43-6 metabolic equivalents for 30 min per day, X3 times per week, or 90 min per week. Women using hormone replacement therapy (HRT) by self-report were allowed to participate in the study. A screening exercise test identified subjects with exercise-induced ischaemia, complex arrhythmias, or symptoms. ST segment depression 41 mm was considered positive. These subjects were excluded and referred for medical evaluation.
Informed consent was obtained from all subjects before enrollment. The Johns Hopkins Bayview Institutional Review Board approved the protocol.
Resting blood pressure
Subjects were seen at weekly intervals, and were required to have SBP between 130 and 159 mmHg and/or DBP between 85 and 99 mmHg on at least two consecutive visits, and an average SBP of 130-159 mmHg and/or DBP 85-99 mmHg over three visits to qualify for the study. The averages of all of these measurements are used as our measures of resting BP. At each of these visits, BP was measured with the subject seated after 5 min of quiet rest and using a Dinamap MPS Select (Johnson & Johnson, New Brunswick, NJ, USA), which was routinely calibrated according to the manufacturer's specifications. The measurement was performed three times with 1 min between each measure. If the readings differed by more than 5 mmHg, extra readings were obtained and averaged until three consecutive measurements were within 5 mmHg. Resting pulse pressure was calculated as the difference of SBP and DBP.
Anthropometry
Body weight and height were measured on a balance scale and stadiometer. Body mass index was calculated as weight (kg)/height squared (m 2 ). Body surface area was calculated using the Mosteller equation. 21 
LV mass by magnetic resonance imaging
Magnetic resonance imaging (MRI) evaluations were performed using a Siemens Magnetom Vision 1.5 T MRI system (Siemens Medical Systems, Iselin, NJ, USA). After obtaining a series of scout images to detect the orientation of the LV short axis lane in space, a stack of short axis gradient-echo slices, from the base to the apex, and encompassing the entire LV, was acquired. To obtain LV mass, images were postprocessed using Cardiac Image Processing System, previously used in published studies from our group. 22, 23 The endocardial margin was detected visually and contoured manually. The area of the LV cavity in the slice was calculated, and volume was estimated by factoring the known slice thickness, which assumed boundaries that were orthogonal to the imaging plane. The process was repeated at the epicardial boundary, and the volume estimated includes LV myocardium and cavity. Subtracting cavity volume and factoring by the tissue mass density yielded LV mass. Masses in all slices containing myocardium were summed to yield a total LV mass. Further, to establish reproducibility of image analysis, a second observer read a randomly selected subset of images, and intra-and interindividual variability were evaluated. The parameters of reproducibility (% error ¼ measurement 1-measurement 2/average of measurement 1 and measurement 2) were intraobserver % error ¼ 2.7%, r (correlation coefficient) ¼ 0.99; interobserver % error ¼ 10.4%, r ¼ 0.95. LV mass was indexed by various methods currently used, that is, by dividing LV mass by body surface area, height, and 2.7 exponential of height.
Maximal exercise test including assessment of exercise BP
The key parameters of interest were maximal BP, pulse pressure, and maximal oxygen uptake as an index of aerobic fitness. Exercise testing was performed on a treadmill integrated with a SensorMedics Vmax229 Metabolic and ECG system (SensorMedics, Inc., Yorba Linda, CA, USA). Subjects performed a modified Balke protocol, beginning at 3 mph, 0% grade, and increasing 2.5% grade each 3 min until the described end points were reached. A 12-lead ECG and cardio respiratory responses were monitored continuously. BP was measured while the subject continued to walk. BP measurements were made by experienced exercise physiologists using a mercury column sphygmomanometer during the last 30 s of each stage of the exercise protocol. Subjects were urged to give a maximal effort and were pushed until they could no longer continue the test. The rating of perceived exertion (RPE) using the Borg 6 to 20 scales 24 was obtained during each stage of exercise. An RPE rating of 18 or higher was an indicator of maximal effort. The highest observed value of oxygen uptake was considered the maximal oxygen uptake. Maximal BP was the highest value obtained during exercise testing, which was during the last stage for all subjects. Maximal pulse pressure was calculated as the difference of the maximal SBP and DBP.
Body composition by dual energy X-ray absorptiometry
Dual energy X-ray absorptiometry (DEXA) was used to assess total and regional body composition in terms of bone, fat, and lean (fat-free soft tissue) mass. The DEXA was a GE Lunar Prodigy (General Electric Medical Systems, Milwaukee, WI, USA). Scans were analysed using the adult medium mode for all subjects. The DEXA scanner was calibrated according to the manufacturer's specification before each subject was scanned.
Statistical analysis
All values that were normally distributed were expressed as mean 7 s.d. Since LV mass had a skewed distribution, it was described by median and interquartile range. Gender comparison was carried out with the unpaired Student's t-test. Spearman's correlation was used for bivariate analysis. Stepwise regression was used to select an optimal mulitivariate regression model. Factors that were significantly associated with LV mass in the bivariate analyses were entered into the equation. Log-transformed values for LV mass were used in the multivariate analyses because a model with the transformed value showed a better fit. Two-tailed tests were used where appropriate, and the criterion for statistical significance was Po0.05 for all analyses.
Results
Clinical characteristics
A total of 77 subjects (43 women and 34 men) were studied. The physical characteristics of the subjects are shown in Table 1 . Women were on average 2.5 years older than men (Po0.02). Resting DBP in men was higher (Po0.001) than in women, while SBP showed no gender difference. Accordingly, women had a wider pulse pressure (Po0.001) and a lower MAP (Po0.001) than men. As expected, men had higher values for lean body mass.
Maximal exercise parameters
The higher value for maximal oxygen uptake in men (Po0.001) is in the expected direction ( Table 2 ). The near identical values for the maximal heart rate indicate that both genders gave a maximal effort during testing. Maximal SBP is higher in men than in women (Po0.01) while maximal DBP did not differ. Consequently, the maximal pulse pressure during exercise was wider in men than in women (Po0.01).
LV mass
Medians and their interquartile ranges of LV mass and LV mass indices are shown in Table 3 . Men had significantly higher LV mass and LV mass indices than women.
The number of subjects with LV hypertrophy (LVH) using the LVH criteria of Framingham Heart Study 2 (4131 g/m 2 for men and 4100 g/m 2 for women) was two, using the criteria of de Simone and co-workers 20 (450 g/m 2.7 for men and 447 g/ m 2.7 for women) was two, and using the criteria of Casale et al 25 (4125 g/m 2 for men and women) was one.
Correlates of LV mass
Resting SBP in men correlated with LV mass (Table 4) . Maximal SBP, maximal pulse pressure, and maximal oxygen uptake all correlated with LV mass, among which maximal SBP showed the highest correlation. In the gender comparison, maximal SBP showed a significant positive correlation with LV mass in men but not in women. Among our measures of body size and composition, lean body mass was the strongest correlate of LV mass for both men and women. Age did not correlate with LV mass.
LV mass: multivariate analysis
Factors that were significantly associated with LV mass in the bivariate analyses and gender were entered into a stepwise regression model. Lean body mass was the strongest predictor of LV mass explaining 43% of the variance (Po0.001). An increase of lean body mass by 1 kg was associated with 4.8% increase in LV mass. After adjustment for lean body mass and gender, maximal SBP contributed an additional 3% of the variance of LV mass (Po0.05). An increase of maximal SBP by 10 mmHg was associated with 4.7% increase in LV mass (Po0.05). The final multiple regression model is shown in Table 5 . Despite the significant bivariate associations with LV mass, resting BP and maximal oxygen consumption were not independent predictors of LV mass in the multivariate analysis.
While there was a gender difference in LV mass, the relation of exercise BP with LV mass was not different between men and women.
Discussion
The novel finding of this study is that LV mass was positively associated with maximal exercise SBP. Although the demonstration of a relation of exercise BP and LV mass has been inconsistent in previous studies, the present findings of such a relation may be because of our precise characterization of key study parameters. We used an accurate, gold standard method for the measurement of LV mass, that is, MRI, and accounted for the influence of body size and composition on LV mass by using lean body mass acquired from dual energy X-ray absorptiometry.
Since subjects with more severe hypertension were excluded, only a few of the present subjects had LVH defined by the published criteria. Hence, resting BP, which is usually considered to be an important determinant of LV mass, was not associated with LV mass in multivariate analysis after adjustment for lean body mass and gender. However, even in this cohort of essentially healthy, sedentary, older persons with a narrow range of BP distribution, exercise SBP and pulse pressure correlated with LV mass independent of lean body mass and gender. Since LV mass was within the normal range in the majority of subjects, this finding raises the possibility that the SBP measured at maximal exercise may be an early marker of abnormalities in target organs.
Although the explanatory power of exercise SBP for LV mass variance is modest (3.1% of the LV mass variance) in multivariate model, it is not negligible considering the rather narrow range of LV mass and absence of severe hypertension in the present subjects. In a previous study with a wider range of BP, 4 resting BP explained only about 5% of the variance of the LV mass.
There are several possible explanations for this association between exercise BP and LV mass. First, a higher exercise BP during exercise testing may also mean that BP during routine daily physical activity may also be higher, thereby increasing cardiac afterload, leading to increased LV mass over time. 26 found that LV mass was poorly related to both casual and exercise BP in patients with mild to moderate essential hypertension, LV mass was related to 24 h ambulatory blood pressure. Second, the increase of SBP during exercise may be related to the increased arterial stiffness, which may also contribute to an increase in LV mass. In support of this latter explanation, Roman et al 27 reported that arterial stiffness, estimated by the pressure-dependent elastic modulus derived from simultaneous carotid ultrasound and applanation tonometry, was positively associated with LV mass. In our data, the maximal pulse pressure during exercise, which is a clinical indicator of large artery stiffness, also showed a positive correlation with LV mass, although the maximal SBP was the stronger predictor in multivariate analysis. Since the increase in BP during exercise occurred predominantly in SBP, it was difficult to differentiate the effect of exercise pulse pressure from that of exercise SBP. Another possibility is that a common mechanism, such as increased sympathetic tone, leads to both higher exercise BP and increased LV mass. Favourable change in sympatho-vagal tone seen in trained athletes is associated with relatively low heart rate and BP responses to exercise. 28 Sympathetic overactivity, in turn, is related to LVH. 29 Previous studies have reported conflicting results on the relation between exercise BP and LV mass. While the reason for this discrepancy is not entirely clear, the difference in the gender composition, the age distribution, and the exercise methods among those previous studies are possible explanations. Studies that reported positive associations between LV mass and exercise BP included only men, 7, 8 while other studies that did not show such an association included both genders. 9, 10 In our study, the correlation between exercise SBP and LV mass was stronger in men than in women. While the relation of exercise SBP and LV mass was not significantly different between genders in multivariate model, the bivariate correlations were statistically significant in men but not in women. Thus, we cannot completely rule out the possibility of a true gender difference in the relation of LV mass with exercise BP. Other studies with negative results in men differed from our study in that BP change with the handgrip exercise that was used, 11 or the study was conducted in young men only. 12 There are some limitations to this study. Although our subject sample enhanced our ability to evaluate maximal exercise BP in relation to LV mass by minimizing the influence of severe hypertension and LVH, the limited age and resting BP range precludes the ability to establish whether the association of exercise BP and LV mass is a specific characteristic of ageing, milder forms of hypertension, or both. We could only confirm the present findings in older persons with high normal BP or mild hypertension. Whether the relation between LV mass and exercise BP exists only in older persons or it can be generalized to other age groups is yet to be determined and is a question worthy of further investigation. As a result of the cross-sectional design, cause and effect relation could not be confirmed. It is possible that differences in LV mass result in slightly different cardiac outputs and thus different exercise BP responses. It is also yet to be investigated whether an excessive increase in SBP during exercise in persons with normal LV mass predicts future LVH. Other potential limitations relate to the determination of BP using different methods. BP at rest was an average measured under standardized conditions over several weeks using an automated sphygmomanometer. BP obtained at maximal exercise was a single measurement using a mercury column sphygmomanometer. Although highly experienced observers measured exercise BP, its reproducibility has not been evaluated in this study. Previous studies 7, 9, 11 have also demonstrated the value of BP responses to submaximal exercise as a predictor of future hypertension. The present study was not specifically planned to examine submaximal BP at fixed or relative workloads, but evaluation of these responses as predictors of LV mass is worthy of future investigation.
In conclusion, the SBP response to maximal exercise is a modest but independent predictor of LV mass in older persons with milder forms of hypertension and normal LV mass. These data raise the possibility that exercise BP is an early marker of LVH.
